Afropavo congensis, the Congo peafowl, has long fascinated ornithologists because of its uncertain phylogenetic position and unusual geographic distribution. While some researchers have placed Afropavo as a sister taxon to the true peafowl, Pavo species, others have suggested relationships with the guineafowl or an Old World partridge, Francolinus. These divergent opinions are due, at least in part, to (i) the unique morphological characteristics, lack of elaborate ornamentation, and monogamous mating system in Afropavo which di¡erentiates it from Pavo; and (ii) the restricted distribution of Afropavo in Zaire, which is far removed from the Asian distribution of all other pheasant species. We obtained complete cytochrome b and partial D-loop sequences of Afropavo and compared them to Pavo, guineafowl, Francolinus and other galliform taxa. Our results strongly support a close relationship between Afropavo and Pavo, and we were able to reject alternative phylogenetic hypotheses. Molecular clock estimates of the divergence time place the separation of Afropavo and Pavo in the late Miocene. We also discuss other relatives of Afropavo and Pavo and use this information to propose hypotheses regarding the evolution of ornamentation and sexual dimorphism within this group of pheasants.
I N T RO DUC T ION
The Congo peafowl, Afropavo congensis, may be the most famous African bird (Crowe & Kemp 1986) , because its unusual geographic distribution and uncertain taxonomic a¤nities have perplexed ornithologists since its discovery by Chapin (1936) . Chapin (1936) initially placed Afropavo in a monospeci¢c genus allied with the true peafowl (Pavo species). However, Afropavo shows substantial morphological di¡erences to Pavo. For example, Afropavo exhibits relatively slight sexual dimorphism. In contrast to Pavo, male Afropavo lack the spectacular train or any specialized feathers containing ocelli (`eye' spots).
Along with di¡erences in the degree of sexual dimorphism, Afropavo also di¡ers from Pavo in reproductive behaviours (Taibel 1961) . Afropavo is monogamous, forms long-term pair-bonds, and lays small clutches of about three eggs. In contrast, Pavo is promiscuous or polygynous, establishes no pair-bonds, and females may lay clutches of six or more eggs (Taibel 1961; Johnsgard 1986 ).
The distribution of Afropavo presents a biogeographic puzzle. Afropavo occupies lowland rainforest in Zaire, several thousand miles from Pavo and other pheasants (Phasianini; Johnsgard 1986 ), all of which are restricted to south-east Asia. The major galliform radiations in Africa are the guineafowl (subfamily Numidinae) and the Old World partridges (tribe Perdicini), particularly the francolins (genus Francolinus).
The unique distribution, reproductive behaviour, and external morphology of Afropavo have led to several hypotheses regarding its relationships within the galliforms. A majority of studies have concluded that Afropavo is su¤ciently distinct to warrant placement in a monospeci¢c subfamily, the Afropavoninae (e.g. Ghigi 1949; Verheyen 1956; Gysels & Rabaey 1962; Hulselmans 1962) . However, there is disagreement about the placement of the Afropavoninae within the galliforms. Based upon anatomical traits, Verheyen (1956) viewed the Afropavoninae as most closely related to the African guineafowl. Mainardi (1963) , using immunological distances, found that Pavo is closely related to the guineafowl, and concluded that Afropavo is related to the guineafowl as well. Ghigi (1949) describes Afropavo as an aberrant francolin, and suggests that the Afropavoninae is related to Francolinus and the guineafowl.
Other studies have supported a relationship between Afropavo and Pavo. While still separating Afropavo into a unique subfamily, examination of the soluble eye lens and muscle proteins (Gysels & Rabaey 1962) and the pelvic limb muscles (Hulselmans 1962 ) supported placement of the Afropavoninae closer to Pavo than to the guineafowl. Analysis of karyotype data also supports a close relationship between Afropavo and Pavo (de Boer & van Bocxstaele 1981) . Lowe (1938) performed a detailed morphological study and he too reported several similarities that united Afropavo and Pavo.
Molecular sequence evidence has been used to resolve a number of longstanding phylogenetic questions, such as the one addressed in this paper. Here we present complete DNA sequences of the mitochondrial cytochrome b gene and a portion of the D-loop (mitochondrial control region), which we used to resolve relationships among Afropavo and its hypothesized relatives.
. M AT E R I A L S A N D M ET H OD S (a) DNA extraction, ampli¢cation, and sequencing
We extracted DNA from blood or liver using the Puregene DNA isolation kit (Gentra Systems, Inc.). The mitochondrial cytochrome b gene and D-loop were PCR ampli¢ed using a set of ten primers (available upon request from the authors). Ampli¢cations used PCR Supermix (GibcoBRL) with 35 cycles (1min at 94 8C, 1min at 48^55 8C, 1min at 72 8C), followed by a 5 min extension. Samples were examined by gel electrophoresis, cleaned (QIAquickPCR clean-up, Qiagen, Inc.), quantitated, and diluted for sequencing.
Sequencing reactions were performed using the Applied Biosystems (ABI) PRISM dye terminator kit (Perkin Elmer) and analysed using the ABI Model 377 DNA sequencer as described (Nelson et al. 1997) . Despite repeated sequencing attempts, some nucleotides in the D-loop of Francolinus francolinus were unresolved. These sites were deleted from phylogenetic analyses.
(b) Sequence alignment and taxon selection
We sequenced cytochrome b from Afropavo congensis, Argusianus argus, Francolinus francolinus, and Pavo muticus and a portion of the D-loop from Afropavo congensis, Francolinus francolinus and Numida meleagris (accession numbers AF013760^AF013766). These were aligned with published cytochrome b sequences from Kornegay et al. (1993) , which included Alectoris chukar, Coturnix coturnix, Lophura nycthemera, Numida meleagris, Ortalis vetula, Pavo cristatus, (L08377L 08380, L08383^L08384), and Gallus gallus (Desjardins & Morais 1990; X52392); and with published D-loop sequences from Desjardins & Morais (1990) and Akishinonomiya et al. (1995) , which included Argusianus argus, Chrysolophus pictus, Gallus gallus, G. lafayettei, G. sonneratii, G. varius, Lophura nycthemera, Pavo cristatus, Pavo muticus, Polyplectron bicalcaratum, Syrmaticus humiae (X52392, D64163^D64164, D66892D 66893, D66895^D66900). Avian cytochrome b sequences are uniform in length (1143 bp), so alignment was straightforward. D-loop sequences were aligned using ClustalW (Thompson et al. 1994) , and regions with many gaps were removed from analyses. Both alignments are available upon request from the authors. We performed preliminary analyses and excluded distantly related taxa present in Kornegay et al. (1993) and Akishinonomiya et al. (1995) which were not hypothesized relatives of Afropavo, following the suggestions of Kim (1996) .
(c) Phylogenetic analyses
Nucleotide distance analyses were performed using DNAdist in PHYLIP (Felsenstein 1993) and MEGA (Kumar et al. 1993 ). The models of DNA substitution we used were maximum likelihood (Kishino & Hasegawa 1989) and Tamura^Nei . Both models allow unequal nucleotide frequencies, which occur in cytochrome b (e.g. Kornegay et al. 1993 ) and the D-loop (Marshall & Baker 1997) , and a variable transition^transversion ratio. We used a transition^transversion ratio of 10 for cytochrome b, a value that has been used in other studies (e.g. Nunn & Cracraft 1996) , and is similar to other estimates for mitochondrial genes (Wakeley 1996) . We used a transition^transversion ratio of 2 for the D-loop, since this region does not show a strong transition^transversion bias (R.T.K. and E.L.B., unpublished observation). For Tamura^Nei distance estimates, we used a gamma distribution to accommodate rate heterogeneity among sites. We estimated 0.45 for cytochrome b and 0.37 for the D-loop using the method of moments . Protein distances were calculated from translated cytochrome b sequences using ProtDist (Felsenstein 1993 ) and the PAM model of evolution (Dayho¡ et al. 1978) .
Trees were inferred from distance matrices using the neighbour-joining (Saitou & Nei 1987) and Fitch^Margoliash (Fitch & Margoliash 1967) methods. Fitch^Margoliash trees were generated using global rearrangements and ten random addition sequence replicates in the Fitch program (Felsenstein 1993) .
Maximum parsimony analyses were performed using PAUP 3.1.1 (Swo¡ord 1993) . Bootstrap replicates involved a heuristic search with ten random addition sequence replicates. Both distance and parsimony analyses used 1000 bootstrap replicates.
Maximum likelihood estimation was performed using DNAml (Felsenstein 1993) . We used empirical base frequencies and a transition^transversion ratio of 10 for cytochrome b, and 2 for the D-loop. To accommodate rate heterogeneity, we used four substitution categories corresponding to a discrete approximation of a gamma distribution with 0.5 (four equally probable categories with rates of 0.0291, 0.2807, 0.9248, and 2.7654; see Yang 1994) . This model estimated more likely trees than a model assuming homogeneous substitution rates (ln likelihood cytochrome b: À 5413.4 versus À 5789.1; Dloop: À 2031.2 versus À 2198.0). Maximum likelihood analyses were performed using global rearrangements and ten random addition sequence replicates. For the statistical comparison of alternative phylogenetic trees, we used the test proposed by Kishino & Hasegawa (1989) , varying the position of Afropavo (and Pavo when necessary) to re£ect proposed hypotheses.
(d) Molecular clock analyses
Branch lengths are variable in many phylogenetic trees, confounding estimates of divergence times (Berbee & Taylor 1993) . Therefore, we estimated divergence times using branch lengths calculated by DNAmlk (Felsenstein 1993) , a maximum likelihood program that assumes a molecular clock, using the most likely tree generated by DNAml and the parameters discussed above.
We estimated that the cracid^phasianid split, represented by the root of the cytochrome b tree (¢gure 1a), occurred ca. 50 million years ago (MA) using the earliest known fossil cracid, Gallinuloides wyomingensis (Olson 1985) from the Lower Eocene. The D-loop molecular clock was calibrated using the earliest member of the genus Gallus from the Upper Miocene (8 MA; see Helm-Bychowski & Wilson 1986 ). Other fossil data was used to check the results of the molecular clock.
R E SU LT S (a) Cytochrome b and D-loop sequence comparisons
All cytochrome b sequences contained an open reading frame that encoded a 380 amino acid protein with signi¢cant identity to other cytochrome b proteins. The haem-ligating histidines and other conserved residues (Howell 1989 ) could be identi¢ed, suggesting our sequences were functional cytochrome b genes, rather than nuclear pseudogenes (e.g. Kornegay et al. 1993; Arctander 1995) . The base composition of the novel cytochrome b sequences was highly biased, as previously observed (e.g. Kornegay et al. 1993) . The cytochrome b alignment contained 397 variable sites, of which 233 are informative (parsimony) sites. Most variable sites were third codon positions; 62 amino acids were variable, with 23 informative amino acid positions.
Alignment of the D-loop required the introduction of a number of gaps to maximize overall identity. None of the D-loop sequences used in this analysis were unusually divergent, suggesting that they represent mitochondrial sequences. The base composition of our 358 bp D-loop alignment is somewhat biased (26.6% A, 29.2% T, 29.2% C, 15% G), as observed in other avian D-loop alignments (Marshall & Baker 1997) . Our alignment contains 121 variable sites and 94 informative sites. We did not exclude third codon positions, as did Kornegay et al. (1993) , because these positions contain signi¢cant phylogenetic information. Some of our analyses incorporate site-to-site variation in substitution rates, therefore including rapidly evolving third position sites should not a¡ect phylogenetic inference. To con¢rm this, we performed an analysis using cytochrome b protein sequences and also observed an Afropavo^Pavo clade.
The maximum likelihood trees estimated using the cytochrome b and D-loop alignments contain all well supported clades, including the Afropavo^Pavo clade (¢gure 2). We compared the most likely tree obtained, which contained an Afropavo^Pavo clade, with trees corresponding to four alternative hypotheses suggested for Afropavo (¢gure 3). With both data sets, the most likely tree had a signi¢cantly higher likelihood than three of the four alternative hypotheses (¢gure 3). All alternative topologies were rejected with at least one of the two data sets, strongly supporting the placement of Afropavo and Pavo together in a clade distinct from the guineafowl and Francolinus. Polyplectron has been suggested to be a member of the Afropavo^Pavo^Argusianus clade (Johnsgard 1986 ). Polyplectron. Akishinonomiya et al. (1995) placed Polyplectron as a basal member of the Afropavo^Pavo^Argusianus clade, though support was low (53.4% bootstrap support).
(d) Rate variation in molecular evolution
Overall, molecular evolution of galliform mitochondrial DNA sequences is relatively slow, with approximately 0.5% and 0.7% changes per million years in cytochrome b and the analysed portion of the D-loop, respectively. It is well established that the rate of molecular evolution is variable (Berbee & Taylor 1993; Hillis et al. 1996) , and deviations from rate constancy are apparent in our data (¢gure 2). Rate di¡erences are also evident when only transversions are used to calculate distances, sometimes exceeding those calculated using both transitions and transversions (R. T. K. and E. L. B., unpublished observation). The cytochrome b sequence of Afropavo has evolved more rapidly than that of the Pavo species (¢gure 2a). This increase re£ects synonymous and non-synonymous substitutions, since Afropavo shows a similar acceleration in protein distance trees (R. T. K. and E. L. B., unpublished observation). Substantial rate di¡erences between Afropavo and Pavo are not apparent in the D-loop, although rate di¡erences occur between other taxa (¢gure 2b). Both cytochrome b and D-loop analyses suggest that Numida evolved more slowly than other galliforms, a result consistent with allozyme markers (Randi et al. 1991) , suggesting that the relatively slow rate of molecular evolution in Numida is a general phenomenon.
(e) Divergence time estimates using a molecular clock Maximum likelihood estimates of divergence times suggest that Afropavo and Pavo diverged during the late Miocene, 9^14 MA (table 1) . Given the approximately twofold increase in the rate of cytochrome b evolution in Afropavo, the more recent date is probably more accurate. Estimates using sequence data from both regions of mitochondrial DNA and calibrated using di¡erent fossils generally agree with each other (table 1) and with the fossil record of other galliform groups. These fossils include the Pliocene Pavo (Mourer-Chauvire¨1 989), a number of Miocene pheasants and partridges, suggesting a pheasant^partridge radiation in the early Miocene or late Oligocene (Olson 1985; MourerChauvire¨1992) , and the late Eocene guineafowl Telecrex (Olson 1974) .
. DI S C U S S ION
Our analyses strongly support the placement of Afropavo and Pavo in a clade that is part of the pheasant and partridge lineage. This supports Chapin's (1936) initial conclusions and those based on morphological (Lowe 1938) and karyotype data (de Boer & van Bocxstaele 1981) . This close relationship is surprising, given (i) the di¡erences in morphology and behaviour between Afropavo and Pavo, and (ii) that the divergence of Afropavo and Pavo is only two to three times older than the divergence between the two very similar Pavo species.
The geographic distribution of Afropavo is unique among living pheasants, but is not inexplicable. A land bridge has existed between Asia and Africa since the Miocene (ca. 17 MA; Morain 1984) , allowing dispersal between these continents. This possibly led to the similarities between Indian and Ethiopian avifaunas (Moreau 1966) . Fossil data suggest that peafowl once were far more widely distributed, with Pliocene fossils from France and Moldavia identi¢ed as being of the genus Pavo, and distinct from Afropavo (Mourer-Chauvire¨1989). These fossils suggest that the modern distribution of Pavo is due to a Pliocene or Pleistocene range restriction, and that the presence of Afropavo in Africa may re£ect an earlier distribution of the ancestor to Pavo and Afropavo that included Asia, Africa and Europe.
Our divergence times are supported by multiple lines of fossil evidence. These include the Pavo fossils from the Pliocene, 4 MA, (Mourer-Chauvire¨1989), the beginning of the pheasant^partridge radiation approximately 32 MA (Mourer-Chauvire¨1992), and the divergence between the guineafowl and the pheasants between 35 and 40 MA (Olson 1974) . The prePliocene divergence between Afropavo and Pavo is also consistent with the fossil evidence (see MourerChauvire¨1989) .
Afropavo lacks the bright iridescent plumage present in males of both Pavo species. Most striking in Afropavo is the complete absence of the ornamental ocellated train, for which the Pavo species are so famous. Pavo and Argusianus both possess ocellated feathers, suggesting either that their absence in Afropavo represents loss of this trait, or that ocelli have independently arisen in Pavo and Argusianus. The distribution of ocelli and structural specializations of ocellated feathers are unique to each taxon, suggesting that the elaborations arose after the divergence of each lineage, even if ocelli are primitive. Pavo species have ocelli only on the specialized, elongated tail coverts of the train. In contrast, the ocelli of Argusianus are concentrated on highly elongated secondaries of the wing, while the tail and tail coverts lack ocelli.
In addition to being highly ornamented, Pavo and Argusianus also exhibit polygynous or promiscuous mating systems with no male parental care, in contrast Resolution of the phylogenetic position of the Congo peafowl, Afropavo congensis R. T. Kimball and others 1521
Proc. R. Soc. Lond. B (1997) to the monogamous mating system with biparental care that occurs in Afropavo. Although parental care is evolutionarily labile, to date, a transition from exclusive female parental care to biparental care has not been observed in birds (Sze¨kely & Reynolds 1995) . This suggests that biparental care and monogamy, as exempli¢ed by Afropavo, may be primitive in this group. The mating system in Pavo and Argusianus is therefore likely to be independently derived, and may have evolved in conjunction with the independent elaboration of male ornamentation in each taxon. These results suggest that many features associated with pheasants, such as elaborate male ornamentation and a promiscuous mating system, evolved independently in di¡erent galliform taxa.
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